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Based on a unique dataset comprising all 325,000 Austrian patients that were under pharmaceutical treatment for diabetes during 2006 and 2007, we measured the excess risk of developing diabetes triggered by undernourishment in early life. We studied the percentage of all diabetes patients in the total population specifically for each year of birth, from 1917 to 2007. We found a massive excess risk of diabetes in people born during the times of the three major famines and immediately after, which occurred in Austria in the 20th century: 1918-1919, 1938, and 1946-1947 . Depending on the region, there was an up to 40% higher chance of having diabetes when born in 1919-1921, compared with 1918 or 1922, where age-specific typical diabetes ratios are observed. The excess risk for diabetes was practically absent in those provinces of Austria that were less affected by the famines. We show that diabetes rates exhibit nontrivial, age-specific sex differences, and correlate with the economic wealth of the region. Our results might be of relevance for establishing higher awareness in the health system for those born in high-risk years, and underline the importance of ensuring sufficient nutrition in prenatal and early stages of life.
epidemic | glucose tolerance | intrauterine programming | massive data analysis | fetal development I n 1918, the Austro-Hungarian Empire spectacularly collapsed from a population of 52 million to the remaining modern state of Austria with 7 million inhabitants (1) . The new state lost all food supplies from its former member states and was, at the same time, subject to a food embargo used by the Allies, the so-called "starvation embargo." This situation led to a massive famine in Austria, the first of three experienced in the 20th century. The second period of hunger occurred in 1938 as a consequence of continued economic crisis, unemployment, bad harvests, and economic boycotts from Nazi Germany. The third period of acute hunger occurred in the aftermath of World War II, in 1946 and 1947 (for more information, see SI Text).
Since the 1930s it has been argued that the environment of early development can have long-lasting effects on health (2) . Developmental origins of health and disease are often studied through "natural experiments," where the impact of a clearly defined exposure to noncontrollable factors (such as famines) on the health of a subpopulation is studied. Crucial findings in such a natural experiment were obtained by studying the Dutch Hunger Winter (for a recent review, see ref.
3), where the situation of pregnancy in times of hunger was investigated in terms of the health of the offspring, not only in the immediate postnatal period but throughout the offspring's adulthood. Using the Dutch Famine Birth Cohort, late adulthood diabetes and impaired glucose tolerance was associated with fetal growth and early gestation exposure (4, 5) modulated by the individual's genetic background. The influence of hunger on type 2 diabetes in adulthood was also confirmed in the natural experiment of the Chinese Famine (1959) (1960) (1961) . Here it was shown that incidences of diabetes are related with fetal exposure to famines, and that a nutritionally rich environment in later life can amplify this effect (6) . Fetal and infant undernourishment were also associated with adult impaired glucose tolerance in the Biafran Famine, during the Nigerian Civil War (1967-1970) (7) . These findings are in line with results of the Helsinki Birth Cohort Study, focusing on the effects of malnutrition in early life on the development of diabetes in adulthood (8) . The cohort sizes in these studies are limited to several thousand subjects, e.g., the Dutch Famine Birth Cohort consists of 2,414 persons, the Helsinki Birth Cohort 8,760 persons, and 1,339 and 7,874 persons for the Biafran and Chinese Famine, respectively. No difference in glucose tolerance was found between a group of 169 persons exposed to the Siege of Leningrad (1941 Leningrad ( -1944 and another group of 188 born outside the siege area (9) . This dissimilar finding may hint at the importance of catch-up growth during early childhood, which was absent in Leningrad in contrast to the Dutch famine (9) .
In light of this epidemiological data, the so-called "thrifty phenotype hypothesis" was proposed (10) , stating that under nutritional deprivation, the developing fetus adopts a number of strategies to maximize the postnatal survival rate, assuming continued poor nutrition after birth. Several epidemiological studies show an intriguing relation between birth weight and subsequent disease development, often decades later in life. For type 2 diabetes in adulthood, the molecular mechanisms for intrauterine programming are not fully understood; however, several studies suggest the effect of low birth weight on reduced muscle expression of protein kinase Cζ, GLUT4, phosphoinositide 3-kinase p85α, and p110β subunits that precede the onset of impaired glucose tolerance (11, 12) . Fetal and neonatal life are critical periods for pancreatic β-cell development, because in the first year of life, already about half the number of adult β-cells is Author contributions: S.T., P.K., and M.S. designed research; S.T., P.K., and M.S. performed research; S.T., P.K., M.S., and G.E. contributed new reagents/analytic tools; S.T., P.K., M.S., G.D., G.E., A.K.-W., and D.C.K. analyzed data; and S.T., P.K., A.K.-W., and D.C.K. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Freely available online through the PNAS open access option. 1 To whom correspondence should be addressed. E-mail: stefan.thurner@meduniwien.ac. at.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1215626110/-/DCSupplemental. present (13) . The first glucose tolerance studies were performed in 59-to 70-y-old men (14) , indicating that birth weight is directly related to an increased risk of either impaired glucose tolerance or diabetes. In addition to type 2 diabetes (15), diseases associated with low fetal and childhood growth include a central distribution of body fat (16) , increased stroke rates (15) , insulin resistance (17) , metabolic syndrome (18) , ischemic cardiovascular disease (19) , and even cognitive (20) and psychiatric disorders (21, 22) .
In this work we quantify the nationwide excess risk of developing diabetes (mainly type 2) later in life when born in times of hunger. We address the case of three famines in Austria, based on a unique nationwide dataset containing 42 million medical treatments of all pharmaceutically treated diabetes patients in the country (23) , representing an increase of about three orders of magnitude compared with similar previous studies. We control for the date of birth, residency, and sex of the subjects. In the time period 1917-2007, large and traditional discrepancies and gradients in economic wealth between the eastern and western parts of Austria existed. Classifying the subjects by residency allows for a socioeconomic stratification of the dataset at an unprecedented precision. We then report the nationwide and regional excess risk differences for females and males. Provinces studied have been abbreviated as follows: Burgenland (B), Carinthia (K), Lower Austria (N), Upper Austria (O), Salzburg (Sa), Styria (St), Tyrol (T), Vorarlberg (V), and Vienna (W).
Results
Increased Prevalence of Diabetes at Times of Austrian Famines. The nationwide dataset (Materials and Methods) reveals an increased rate of (for the most part, type 2) diabetes at the times of the three Austrian famines. The situation is depicted in Fig. 1 for males (blue) and females (red). There exist three clear peaks located exactly at and slightly after the famines, 1918-1919, 1938, and 1946-1947 . The excess risk (difference to the green linear trend line in Fig. 1 ; Materials and Methods) is plotted in Fig. 2 for males and females. The slope of the trend line (Materials and Methods) for males and females is k m = − 0:45 and k f = − 0:46, respectively ( Table 1 ). The nationwide risk for a male (female) to develop diabetes when born in 1919-1921 is ∼13% (16%) higher than for people born in 1918 or 1922. For the second famine, 1938, the excess risk is somewhat less pronounced, at 9% for males and 8% for females, respectively. The third famine, 1946-1947, corresponds to excess risks of 5% for males and 3% for females.
Regional Differences Between Western and Eastern Provinces. There is a wide variation of excess risk and diabetes increase rates (slopes) across the provinces. The eastern provinces B, N, St, and W show significantly higher excess risk in the years of famine: B, N, St, and W show pronounced peaks in the famine years, whereas in V and T they are barely detectable above the statistical noise level. The situation is most drastic in the province of B, where the excess risk is 38% for males and 28% for females, respectively, whereas for V the excess risk is at 10% for both males and females (see Figs. S1 and S2).
Because a patient's current residence and place of birth need not be the same, migration issues become important on the regional scale. If inhomogeneities of excess risk exist on the regional scale at the time of famine, these will be washed out over time. To understand how migration between the provinces affects regional excess risk, we correct the observed excess risks (in 2006-2007) as discussed in SI Text. As expected, the correction amplifies the effects in the uncorrected data. For example, the highest observed excess risk, males in B born during the 1918-1919 famine, now increases from 38% to 42%. The provincespecific values for observed and migration-corrected data are given in Fig. S3 .
Similarly, the slopes of the trend lines (diabetes-increase rates) vary considerably across provinces (Table 1 ). In Fig. 3 , we plot the averaged negative slope
for each province as a function of the gross regional product (GRP) of that province in 1961. We find a high correlation coefficient of ρ = 0:89 between the (negative) slopes and the GRP. The correlation coefficients for the slopes and the per capita income are ρ = 0:83, and for the unemployment rates ρ = 0:88, respectively. The number of physicians per 100,000 inhabitants in the various provinces does not correlate with the negative slopes, ρ = 0:099.
Sex-Specific Analysis. The three peaks indicating excess risk are observed for both males and females. However, in the all-Austrian data, males show a consistently higher overall risk of diabetes over the entire interval from 1917 to around 1970 (Fig. 4) . From 1917 to 1965 we observe a male-to-female sex ratio (Materials and Methods) that increases from ∼1 (male and female rates are equal) in 1917 to 1.6 from about 1960 to 1965. For the birth year of about 1962 we observe the maximum sex disparity, where the fraction of males having diabetes is ∼60% higher than females. The male-to-female ratio becomes less than 1 from about 1970 on, reflecting an increased diabetes rate in women. The minimum at 0.5 is realized shortly before 1980 (Fig. 3) , and coincides roughly with the most likely year of giving birth of Austrian women, which is ∼30 y (www.statistik.at/web_en/statistics/population/births/index.html). We repeat the sex-specific analyses for the provinces. In SI Text, the age-related diabetes probability, the excess risk, and the sex ratios are shown in Figs. S1, S2, and S4, respectively.
Discussion
We quantify the excess risk to develop (type 2) diabetes caused by famines in the population of an entire country. The history of Austria provides an excellent source of three well-documented nationwide famines during the past century. The records of more than 325,000 patients were analyzed in terms of birth date, sex, and location of current treatment over a 2-y observation period in 2006-2007.
We observe a nationwide higher risk of diabetes for those born in and immediately after periods of massive hunger. For a male (female) born in 1919-1921, the risk of developing diabetes is ∼13% (16%) higher than for people born in 1918 or 1922. For the 1938 famine the excess risks are 9% (8%), and for the 1946-1947 famine they are 5% (3%) for males (females). We find regional differences within Austria, particularly between western (V and T) and eastern provinces (W, B, N). The highest rates are observed in the eastern part of Austria, again in W, B, and N, with an excess risk of up to 38% (28%) for males (females). Lowest rates are found in the western provinces, in particular T and V, down to ∼10% for both sexes. Note that the patients' locations are the provinces of current residency and are thus not necessarily the same as the provinces of birth. After correcting for internal migration flows between Austria's provinces, we observe even higher regional excess risks in the eastern provinces, with values up to 42% (30%) for males (females).
Historically, the western provinces had a strong economical and cultural relationship to Switzerland, which led to better nutrition during the hunger periods-a fact well documented for the first famine, 1918-1919 (24) . In contrast, B has been by far the poorest province in Austria, with a comparably very low average income until the 1990s. We find that economic wealth correlates strongly with the overall diabetes rates (Fig. 3, slopes) . We can exclude that this strong correlation results from regional differences of medical coverage. For this reason, we computed the correlation of slopes with the regional density of medical doctors (in 2007) and found practically no correlation.
We study the age dependence of the sex ratio of male and female diabetes patients within the total population of Austria and for its provinces. We consistently find equal percentages of male and female patients around 1919. After this time, however, two different sex gaps emerge. The first gap exists in persons aged 40 and older, where male patients dominate the females by almost 60% for a birth year of about 1962. This dominance may be caused by sex-related differences in lifestyle and health Vienna as the capital city does not follow the pattern-it has a much higher GRP (V2,500) than any of the other provinces; however, due to its higher fraction of poor inhabitants it maintains a high slope of k = 0:51, averaged over males and females (Table 1) .
literacy (SI Text).
A recent survey (23) suggests that there are a higher number of women claiming to have type 2 diabetes than the number of women under actual pharmaceutical treatment, which indicates that women are more likely to be treated by nutrition therapy than by medications.
Although the overall lifelong diabetes prevalence is comparable in men and women, there exist some differences in various countries that depend on the ethnicity and age of the population under study. In both sexes there is a clear relationship between body mass index (BMI) and diabetes risk, with a steeper increase of diabetes for obese females than for males; this follows from a comparison of the Nurses' Health Study and the Physicians' Health Study (25) . However, it was shown that in males, diabetes is diagnosed at a lower BMI than in females (26) . Males are more insulin resistant and have more visceral and liver fat, which can contribute to their higher diabetes risk (27) (28) (29) . These findings could partly explain the higher prevalence of diabetes seen in middle-aged and elderly men (30) . Further, risk factors differ between men (e.g., more likely to be overweight) and women (e.g., higher risk for smoking) (30) . Finally, females-in particular at the early stage of diabetes-more often exhibit impaired glucose tolerance and postprandial glycemia, which may be less often detected than fasting hyperglycemia (31) .
Except for 1920, the famine-related peaks in diabetes seen in the Austrian population are more pronounced in males than in females. Recent studies seem to yield evidence for sex-dimorphic epigenetic effects. In a rat model of fetal programming, protein shortage during pregnancy leads to insulin resistance and higher lipids in male offspring (32) . It was shown that male sex has greater impact on hyperglycemia in middle-aged adults with very low birth weight (33) . In addition, male sex is a risk factor of perinatal complications and adverse outcome in early life (34) . Therefore, it may be that males are particularly vulnerable to malnutrition during pregnancy.
The second sex gap exists for those aged 15-40 y, where female patients outnumber males. This second gap may be explained by a higher risk of diabetes that is related to reproductive factors and the pregnant state, as well as weight gain and retention postpartum in females (35) . Whereas universal screening for gestational diabetes was unusual in the past, it is now clinical practice in all parts of Austria (36).
The pronounced peaks of diabetes in the postwar periods of World War I and World War II clearly show the importance of external determinants, such as sufficient nutrition of the overall population and socioeconomic factors during the time of conception, pregnancy, and early childhood, in addition to genetic disposition or shared socioeconomic, family, or lifestyle factors.
Could it be that it is not hunger but other effects that drive the excess risk to develop diabetes? The time of the first famine coincides with the Spanish flu, caused by an unusually virulent strain of the A/H1N1 virus (37), which hit Austria in three main waves from spring 1918 to spring 1919. This flu had an exceptionally high death rate, but otherwise was not much different from the annual seasonal influenza (38) . If there exists a mechanism that relates viral infection during pregnancy or early childhood with increased type II diabetes rates, this should be observable in other influenza epidemics also. The strong influenza epidemics in Austria of the years 1928-1929, 1932-1933, 1936-1937, and 1943-1944 do not show higher excess risk levels in our data.
From our data it is not possible to strictly differentiate between effects from undernutrition from those caused by, e.g., war-and famine-related stress. It was argued that stress in childhood war evacuees (average age 4.8, SD 2.4) is linked to increased risk of diabetes later in life (39) . Maybe the highest population-wide stress levels during the last century in Austria were reached by the bombing of Austrian cities between December 1943 and April 1945. If effects from stress in childhood related to bombing would be detectable in the data, we would expect a peak at the birth years between 1940 and 1943, which we do not observe. Assuming that stress during pregnancy has an effect on higher diabetes prevalence, we would expect a peak for the years around 1944-1945. The observed peak appears in 1946-1947. We think that these facts, in combination with the large existing body of literature on early-life famine-induced development of diabetes in the Netherlands (4, 5), China (6), Nigeria (7), and Helsinki (8), provide solid evidence that the hunger hypothesis is indeed the leading explanatory factor for the observations shown.
Materials and Methods
Diabetes Patient Dataset. We used in this study a database of the Main Association of Austrian Social Security Institutions (40) , which contains pseudonymized claims data of all persons receiving outpatient as well as inpatient care in Austria between January 1, 2006, and December 31, 2007 . Apart from those 3% of Austrians who are covered by alternative insurance carriers (such as municipalities, unemployment service, religious orders, and notaries), data of all Austrians who received outpatient care from a general practitioner or a specialist, and/or received inpatient care at a hospital, and/ or received pharmaceuticals at a pharmacy during the 2-y period are covered by the database. Therefore, most of the ∼8.3 million Austrians, of all age groups, are represented in the database, which was safeguarded and maintained by the Main Association of Austrian Social Security Institutions and accessible only for selected research partners under a strict data protection policy (23) . In the present investigation we focused on diabetes patients who received pharmaceutical treatment. To define our patient collective, we identified all patients who received one or more diabetesspecific medications indexed by an Anatomic Therapeutic Chemical Classification System (ATC) code A10A (insulins and analogues), A10B (oral antidiabetics), or A10X (other antidiabetics) between 2006 and 2007. For more detailed information on the incidence of diabetes in Austria, including estimates for undiagnosed cases, see SI Text. We retrieved a total of 42 million medical treatments for our patient collective in the database. We excluded all patients who died in 2006 and 2007. In this way we selected 328,120 patients; from these, we omitted those born before 1917 due to the low abundance (less than 1,000 patients), leading to our final data set of 325,998 people (166,434 females, 159,564 males). From these patients, we gathered their year of birth, sex, and residency in one of the nine provinces of Austria. The numbers of treated diabetes mellitus patients for a given birth year t B we denote by N dm ðt B Þ. The numbers of patients in each province are listed in Table 1 . Fig. 1 . Data by individual provinces is given in Fig. S1 . The percentage of treated diabetes patients serves as a direct approximation to the risk of having developed diabetes at any point in life, given a specific birth year.
For rough proxies for the regional economic performance of the provinces, we obtained the unemployment rates (41) and the gross regional product for the year 1961, and the regional income per person for 1957 (from WKÖ-Stabsabteilung Statistik, http://wko.at/statistik). (We use data from 1961 because this is the last point in the fit for the trend lines, and before the full onset of the Wirtschaftswunder, or "economic miracle," which restructured the Austrian economy considerably.) Until the 1990s, a significant disparity in the distribution of economic wealth in Austria existed, the western provinces being traditionally wealthier than the eastern provinces. The number of medical doctors per 100,000 inhabitants was assessed for the individual provinces for the year 2007 (www.statistik.at/web_en/statistics/ health/health_care/index.html).
Linear Trend Estimation. The fractions of treated diabetes patients are fitted by a linear regression (least squares) for the birth years 1917-1961. The resulting lines represent the age-related linear trend and are shown as green lines in Fig. 1 and Fig. S1 . The (negative) slope of the trend lines is called k, and is reported in Table 1 for males (k m ), females (k f ), and the provinces. These trend lines are approximations to the typical age-related risk of having developed diabetes, as a function of the birth year, p f =m ðyearÞ = k f =m × year + d f =m :
The slopes of the trend lines k f/m are an indication for the overall diabetesincrease rates over time in the population.
Excess Risk. We define the excess risk for having diabetes by subtracting the linear trend line from the actual percentage of treated diabetes patients, i.e., N dm ðtB Þ NðtB ;2007Þ × 100. We present this number as a percent above the linear trends in Fig. 2 for Austria, and in Fig. S2 for its provinces. Positive numbers indicate an excess risk of having diabetes with respect to the expected age-related trend lines.
Sex Ratios. For the detection of potential sex differences, we define a sex ratio by dividing the fraction of male by the fraction of female diabetes patients for every birth year (Fig. 3) . A value of x indicates that males have an x-fold higher (if x > 1) risk of having diabetes than females. The data for the provinces (Fig. S4) was produced in the same way.
